Introduction

Purpose and Scope
Fast charged particles traversing matter lose energy through successive collisions with the atoms and molecules of the material. The simplest index characterizing the energy loss of an incident charged particle is the stopping power, which is the mean energy loss per unit path length in a material.
Because the stopping power is fundamental to dosimetry, instrumentation design, modelingofradiation effects, and other uses, the ICRU has conducted a long-term survey of stopping powers of materials of radiological and dosimetric relevance in order to establish and disseminate standard data sets. This effort has resulted in Report 37, Stopping Powers for Electrons and Positrons (ICRU 1984) and Report 49, Stopping Powers and Ranges for Protons and Alpha Particles (ICRU 1993) .
A full consideration of radiation absorption, however, requires more detailed information than is provided by the stopping power. Because most of the contribution to the collision stopping power for fast charged particles is due to the production of ions and secondary electrons, a knowledge of the probabilities for ionization is needed. And because some of the secondary electrons, known in radiological work as delta rays, are energetic enough to travel a considerable distance and to cause further excitation and ionization, knowledge of the distribution of their energies and directions is also necessary. The probabilities for specified processes, such as secondary electron production, are described in atomic physics by the concept of cross section, which will be discussed in the next section.
The study of secondary electron emission in atomic collisions began in the 1930s, but measurements of a large range of atomic collision cross sections were not made until the 1960s. Energy and angular distributions of secondary electrons were also studied at that time, both experimentally and theoretically, and several mechanisms for ionization were identified, some of which are still being investigated. Compilations and critical reviews of data, though still few in number, have begun to appear, and a number of empirical or semiempirical analytical models have been devised to describe cross sections. Our under-standing of collisional ionization is not yet complete, but since the important mechanisms have been identified and their systematics generally understood, it is timely to gather such information into a report accessible to potential users of such data.
This report deals primarily with interactions of charged particles although some attention is given to ionization by neutral particle impact. The emphasis is on the energy spectra of secondary electrons produced in ionizing · collisions because of their importance in radiological work, but angular distributions of ejected electrons are also considered because they determine the spatial characteristics of the energy deposition. Most of the studies to date have used rarified gas targets in order to focus on the characteristics of energy loss in single collisions with isolated atoms or molecules. For such targets, experimental data for electron collisions are now available for impact energies of a few electron volts (eV) up to several thousand electron volts (keV), for proton impact from a few keY to several million electron volts (MeV) and for heavier particles from a few keY up to about a thousand MeV. Because of experimental difficulties and the complexities of theoretical descriptions, studies of secondary electron production in condensed matter are not as numerous and our understanding is not as far advanced.
After a presentation of the concepts involved and a brief introduction to the relationship of secondary electron data to radiological questions, the report addresses in Section 2 the theoretical methods by which ionization processes can be described and understood. A description of several treatments is given along with a set of consistency requirements, based on theory, by which the reliability of experimental data can be judged. Sections 3 and 4 consider electron and ion interactions and describe the experimental methods, the interaction mechanisms, data, and specific theoretical methods and analytical models pertaining to each type of interaction. Secondary electron production in condensed matter is reviewed in Section 5. Section 6 describes some applications of the data on electron spectra to radiobiology that may be made using the present state of our knowledge of ionization.
Notation and Concepts
When an energetic charged particle undergoes a collision with an atom or molecule, a number of basic processes can take place, the most important of which are:
Ionization: This is the ejection of one or more electrons in the collision. Kinetic energy from the primary particle is used to overcome the binding energy and to give kinetic energy to the secondary electron(s).
Electron transfer: In the case of ion impact, one or more electrons can be transferred from the target to the incident ion or vice versa. The loss of kinetic energy of the projectile is equal to the difference in binding energies of the electron in the initial and final states. In rare cases, this results in an increase in the kinetic energy of the projectile.
Excitation: One or more electrons in the target or the projectile are put into higher energy (excited) bound states, the increase in energy coming from the kinetic energy of the projectile. This is sometimes followed by the emission of a photon.
Dissociation: In the case of diatomic, or larger, molecules, the transfer of energy in the collision may result in excitation of the molecule which then relaxes with the concurrent separation of the molecule into fragments or with emission of photons. The loss of energy by the projectile is equal to the dissociation energy plus the kinetic as well as internal energy of the fragments. Combinations of these basic processes are also possible and may even be more likely to occur than the simple processes. This report deals only with ionization.
Because of the importance of the concept of electron ejection cross section in our discussion, we next define it in its different forms. Consider a monoenergetic beam of charged particles traversing a medium of sufficiently low density that there is a negligibly small probability that anyone of the particles of the beam will make more than one collision. Then the number of electrons Ns ejected along the beam path is proportional to No, the number of beam particles passing; to n, the number of target particles per unit volume; and to L, the length of beam path from which the ejected electrons are collected. Thus,
where (Ti is the constant of proportionality. Since this constant must have dimensions of area to be dimensionally consistent, it is called a cross section, in this case the total ionization cross section (TICS). Because of the possibility of ejection of more than one electron in a single collision, a distinction is made between the "counting" ionization cross section, (Tc, which refers to the number of ionizing collisions, and the ionization cross section, (Ti, which refers to the total number of electrons emitted. If N mz is the number of slow ions with mass-to-charge ratio m / z resulting from the collision, then the corresponding partial ionization cross section, (Tmzi, is defined by In this report (Ti is usually the cross section of most interest.
Information about the energy spectrum of secondary electrons as well as their angular distribution is contained in the doubly differential cross section (DDCS) d 2 (T/dEdn, where E is the secondary electron energy and n is the solid angle into which the electron is ejected. This cross section, which has dimensions of area per unit energy per unit solid angle, is also denoted by mE, fJ) since, in practical situations, it is independent of the azimuthal angle cf> and depends only on the polar angle 8 measured relative to the direction of the incident beam. It is defined such that the product NonL .::In.::lE uCE, 8) represents the number of electrons ejected from a length L of the beam in the target into an element of solid angle .::In at a polar angle 8 within the energy range E to E + .::lE.
For some purposes, the direction of emission of the electron is unimportant and only the spectrum of energies is relevant. This information is contained in the singly differential cross section (SDCS) denoted by uCE). This quantity, which has dimensions of area per unit energy, is obtained from the DDCS by integrating over all directions of emission: (1.5)
where Emax is the maximum energy of ejected electrons.
It is possible to define an even more detailed cross section by also specifying the directions and energies of the projectile after the collision. These multidimensional quantities, traditionally called triply differential cross sections, will not be discussed in this report since few measurements of that type have been made and they have found little application in radiological applications.
The Role of Secondary Electron Data in Radiological Sciences
The principal method of energy dissipation by ionizing radiation is, by definition, the separation of electrons from the atoms and molecules of the medium in which it is absorbed (Lea, 1947) . Therefore, to understand the fundamental processes leading to production of radiation-induced damage, one must have an understanding of the systematics of electron liberation in ionization and their interaction with matter. Ionization and the resulting electrons initiate most of the molecular changes that are ultimately responsible for the observed biological effects. However, information on excitation may be needed as well.
To describe the initial spatial pattern of products of energy deposition by charged particles one often turns to models for energy deposition and transport (Paretzke, 1987) . For the most comprehensive of these models, one must have a knowledge of the absolute cross sections for electron production and their subsequent interactions with the medium of interest. Cross sections are required for such processes as:
• Ionization: DDCSs provide information on spatial patterns of energy deposition, SDCSs are needed to obtain information on the energy loss per ionization event, and TICSs yield information on the mean free path between ionizing events. • Excitation: Cross sections are needed for production of all excited states of the medium by all charged particles at all relevant energies. • Electron transfer: Cross sections are needed for capture of electrons into all of the states of the projectile and, in principle, from all initial bound states of the electrons. • Multiple ionization: Cross sections are needed for the production of residual ions in various charge states to aid in understanding subsequent chemical reactions. Cross sections are also needed for the number and the energies and angles of emission of each of the electrons ejected in a single collision to provide information on the spatial and temporal correlation of ionization events. • Simultaneous projectile and target ionization:
Cross sections are needed for simultaneous ionization of the target and projectile in collisions involving incident particles carrying bound electrons to provide information on the spatial and temporal correlation of ionization events. • Molecular dissociation: Cross sections or branching ratios are needed for the production of all molecular fragments following ionization and excitation.
Guide for Users
This section provides a guide for quick access to sections of this report where specific types of cross section data can be found. Such data can be obtained in three basic ways. First, theoretical models. These can be used to obtain data at any given values of parameters with only fundamental constants as input. However, they may require lengthy computations and have resricted ranges of validity. Second, semi-empirical or analytical models. These are simple to apply, but usually require knowledge of adjustable fitting parameters. The present report gives, for example, fitting parameters for one model that can be used to generate reasonably accurate differential cross sections for proton impact on ten different targets for all proton and secondary electron energies. Third, experimental data. Tables of such data may be used directly, but are cumbersome and often require extrapolation or interpolation. Experimental data are most useful when a critical reviewer has chosen recommended or best values from among the available measurements. This choice may be presented as parameters in an analytical model. Measured cross sections are typically reliable to about 15% with a greater uncertainty for slow incident particles and low-energy secondary electrons.
The subsections where the relevant information can be found are iq.entified in the following list.
